The 2;5 chromosomal translocation is frequently associated with anaplastic large cell lymphomas (ALCLs). The translocation creates a fusion gene consisting of the alk (anaplastic lymphoma kinase) gene and the nucelophosmin (npm) gene: the 3' half of alk derived from chromosome 2 is fused to the 5' portion of npm from chromosome 5. A recent study shows that the product of the npm-alk fusion gene is oncogenic. To help understand how the npm-alk oncogene transform cells, it is important to investigate the normal biological function of the alk gene product, ALK. Here, we show molecular cloning of cDNAs for both the human and mouse ALK proteins. The deduced amino acid sequences reveal that ALK is a novel receptor protein-tyrosine kinase having a putative transmembrane domain and an extracellular domain. These sequences are absent in the product of the transforming npm-alk gene. ALK shows the greatest sequence similarity to LTK (leukocyte tyrosine kinase) whose biological function is presently unknown. RNA blot hybridization analysis of various tissues reveals that the alk mRNA is dominantly detected in the brain and spinal cord. Immunoblotting with anti-ALK antibody shows that ALK is highly expressed in the neonatal brain. Furthermore, RNA in situ hybridization analysis shows that the alk mRNA is dominantly expressed in neurons in speci®c regions of the nervous system such as the thalamus, mid-brain, olfactory bulb, and ganglia of embryonic and neonatal mice. These data suggest that ALK plays an important role(s) in the development of the brain and exerts its eects on speci®c neurons in the nervous system.
Introduction
Cellular responses including proliferation and differentiation are in¯uenced by extracellular factors such as polypeptide growth factors. Most of the eects of these growth factors are mediated by high-anity receptors with protein-tyrosine kinase activity. The receptor protein-tyrosine kinases (RPTKs) are composed of three domains; an extracellular ligand-binding domain, a single membrane-spanning domain and a cytoplasmic catalytic domain (Yarden and Ullrich, 1988) . Ligand binding to the extracellular domain induces activation of the kinase on the cytoplasmic side, which initiates the intracellular signal transduction pathway. The activated RPTKs phosphorylate themselves and cytoplasmic substrates, leading to activation of a number of downstream signaling molecules, and ultimately induce changes in gene expression and the phenotypic state of the cell (Fantl et al., 1993) . RPTKs thus play important roles in cellular proliferation and dierentiation. In addition, RPTKs reveal oncogenic potential when their kinase activities are constitutively enhanced by point mutation, ampli®cation, or rearrangement of the corresponding genes.
There is ample evidence of gene rearrangements for oncogenic activation of RPTKs. For example, the protooncogene trk, encoding the nerve growth factor receptor, is constitutively activated in a colon carcinoma as a consequence of gene rearrangement (Martin-Zanca et al., 1986) . The activated trk oncogene encodes a fusion protein in which nonmuscle tropomyosin is coupled to the kinase domain of normal Trk (Coulier et al., 1989) . In a human papillary thyroid carcinoma, another trk oncogene is generated by an intrachromosomal rearrangement. In this case, the 3'-part of the trk gene encoding the tyrosine kinase domain is fused to the 5'-part of the tpr gene (Greco et al., 1992) . The met oncogene in a human osteosarcoma cell line, which is transformed by N-methyl-N'-nitro-N-nitrosoguanidine, is also reported to be a fusion gene between tpr and c-met that encodes the hepatocyte growth factor receptor (Park et al., 1986) . A more recent study shows that the kinase domain of the platelet-derived growth factor receptor b is fused to the Tel transcription factor as a consequence of the 5;12 chromosome translocation associated with chronic myelomonocytic leukemia (Golub et al., 1994) . In addition, we and others have shown that the npm-alk fusion gene is generated by a 2;5 chromosomal translocation occurring in human anaplastic large cell lymphomas (ALCLs) (Morris et al., 1994; Shiota et al., 1994) . The amino acid sequence of the npm-alk gene product shows that the kinase domain of a novel RPTK (ALK) is linked to NPM, a ubiquitously expressed nucleolar phosphoprotein. The 80 kDa protein product of the npm-alk fusion gene, p80
npm-alk , is hyperphosphorylated in an ALCL-derived cell line (Shiota et al., 1994) . The p80 npm-alk protein is associated with oncogene activity, since exogenous expression of npm-alk resulted in malignant transformation of NIH3T3 ®broblasts. In the cells transformed by p80
npm-alk , adaptor proteins such as Shc and IRS-1 are tyrosine-phosphorylated and bind to p80
npm-alk through the NPXY motif for the phosphotyrosine binding domain. This suggests that Shc and IRS-1 play roles in downstream signaling of p80 npm-alk and/or its normal counterpart, although our data indicate that they are irrelevant to transformation of NIH3T3 cells (Fujimoto et al., 1996) .
In this report, we describe cloning and characterization of cDNAs encoding murine proto-alk. Our data show that alk encodes a putative RPTK that is highly similar to LTK and belongs to the insulin receptor superfamily. The ltk gene is expressed in both hematocytes and brain (Ben-Neriah and Bauskin, 1988; Maru et al., 1990; Bernards and de la Monte, 1990) . In contrast, we observed that the alk gene is dominantly expressed in speci®c parts of the central nervous system (CNS) and the peripheral nervous system (PNS). Its level of expression is especially high at the neonatal stage. Taken together, the present studies suggest that ALK, a novel RPTK of the insulin receptor family, plays roles in both development and maintenance of the nervous system.
Results

Cloning of cDNAs of murine and human alk
We have previously reported that the chimeric protein p80 npm-alk generated by the chromosomal translocation is associated with oncogenic activity (Fujimoto et al., 1996) . Although p80 npm-alk lacks the transmembrane and extracellular domains, the normal counterpart of ALK was thought to be a receptor protein-tyrosine kinase (RPTK) because of the similarity in the sequence between p80
npm-alk and the cytoplasmic domain of insulin receptor family proteins. To establish the structure and function of normal ALK, we attempted cDNA cloning of mouse alk. Based on the information that alk transcripts are predominantly expressed in the testis (Morris et al., 1994) an oligo-(dT)-primed mouse testicular cDNA library (1.0610 6 recombinant phages) was screened with a probe derived from the 1.7 kbp DNA fragment of the npm-alk cDNA. The probe DNA encompasses the sequence for the entire tyrosine kinase domain. Four positive clones were obtained (clones 1-1 to 1-4). Nucleotide sequencing of the 2.0 kbp insert of clone 1-4 revealed that it encoded an amino acid sequence corresponding to the ALK portion of p80 npmalk ( Figure 1a) . The sequences showed high similarity to each other (98% identity in the kinase domain), suggesting that the cDNA insert of clone 1-4 was from mouse, alk. The cDNA insert of clone 1-4 contained the most upstream sequence among the 4 clones, but contained only 150 bp upstream of the junction between NPM and ALK. The inserts of clones 1-2 and 1-3 were included in that of clone 1-4. The insert of clone 1-1 largely overlapped with that of clone 1-4 but extended further downstream and included a possible poly(A) signal (Figure 1) .
To obtain further upstream sequence of ALK, we constructed two cDNA libraries from adult and neonatal mouse brains using random nucleotide primers. The libraries were made from brain mRNAs because preliminary Northern blot analysis using a DNA probe from the clone 1-4 insert showed that murine alk was highly expressed in the brain. By screening the adult brain library with the 5'-proximal 350 bp fragment of the clone 1-4 insert (probe I, Figure 1a ), two positive clones (clones 2-1 and 2-2) were obtained. None of these clones contained an ATG start codon. Then, the 500 bp fragment of clone 2-2 (probe II, Figure 1a ) was used to screen the cDNA library from neonatal brain. Among the three positive clones (clones 3-1, 3-2 and 3-3) obtained, the insert of clone 3-3 extended to most upstream as was determined by restriction mapping. After piecing together the nucleotide sequences of the cDNA inserts of clones 1-1, 1-4, 2-2 and 3-3, a composite sequence of 5767 bp long was obtained (Figure 1) . The sequence contained one large open reading frame of 1621 amino acids beginning with a methionine encoded by ATG at nucleotide position 451 ( Figure  1b) . The sequence surrounding the ®rst ATG codon resembled the optimal sequence for eukaryotic translational start codons (Kozak, 1987) . There were ®ve in-frame stop codons upstream of the ATG codon. The encoded protein was a putative RPTK containing an extracellular domain, a transmembrane domain and a single kinase domain. The sequence of 20 amino acids following the ®rst methionine residue was highly hydrophobic and likely served as a secretory signal sequence.
We then screened a human fetal brain cDNA library (4610 6 clones) using the full length murine alk cDNA as a probe. Three positive clones were isolated and the nucleotide sequences of the cDNA inserts were determined. The largest cDNA insert was 4321 base pairs which encoded a polypeptide of 1391 amino acids. It contained the entire extracellular and intracellular protein-tyrosine kinase domains but lacked the carboxy-terminal tail. By combining the sequence with the sequence of npm-alk cDNA, human ALK was determined to be 1619 amino acids long. The human ALK receptor was 85% identical to the mouse ALK receptor at the amino acid sequence level ( Figure  2 ).
Characterization of the alk sequence
The mouse and human alk genes encode proteins of 1621 and 1619 amino acids, respectively (Figure 2) . Their calculated molecular weight is about 175 000. The deduced amino acid sequence of mouse ALK shows the presence of a large extracellular domain (1014 amino acids long), a hydrophobic putative transmembrane domain (27 amino acids long), and a tyrosine kinase domain. Existence of 16 consensus sites for N-linked glycosylation suggests that the extracellular domain of the ALK protein is highly glycosylated. Computerassisted sequence analysis indicates that the sequence from amino acid positions 687 to 1034 in the extracellular domain has signi®cant similarity (about 50% amino acid identity) to LTK (Figure 1a ). An EGFlike cysteine-rich domain present in LTK (Bernards & de la Monte, 1990 ) is also found in ALK. However, the amino-terminus proximal 686 amino-acid sequence shows no homology to any known proteins. All these features were also present in human ALK. The amino acid sequence of the putative kinase domain of murine ALK is highly similar to that of human ALK (98% amino acid identity) (Morris et al., 1994; Fujimoto et al., 1996) , murine LTK (78%), murine ROS (52%), human insulin-like growth factor receptor (47%), and human insulin receptor (46%). Close similarity between ALK and LTK in their primary structures suggests that they form a novel subfamily in the insulin receptor family of RPTKs. 
Immunochemical characterization of the ALK protein
To analyse the alk gene product, a rabbit polyclonal antiserum was raised against the carboxy-terminal 119 amino acid sequence of ALK (residues 1384 to 1502, see Materials and methods). As shown in Figure 3a , the anti-ALK antibodies detected a 220 kDa protein in the lysates of COS cells transfected with the alk expression plasmid (lane 1). There are 16 potential N-linked glycosylation sites in the extracellular domain of ALK. Indeed, treatment of the alk-transfected cells with tunicamycin, an inhibitor of N-linked glycosylation, reduced the apparent molecular size of ALK to about 180 kDa (lane 2), a molecular mass calculated from its deduced amino acid sequence. The nature of the 140 kDa band detected in lane 1 is not known. The band was also detected by another anti-ALK antibody that recognizes a carboxyl-terminal epitope dierent from that recognized by the antibody used in the experiments described in Figure 3 (data not shown). Thus, it is possible that the 140 kDa ALK variant is translated using an alternative initiation codon. Alternatively, the 140 kDa protein might be proteolytically produced. It should be mentioned that in vitro kinase reaction of the immunoprecipitates prepared using the same anti-ALK antibody did not reveal phosphorylation of the 140 kDa protein (Figure 3b ). The data suggests that the polypeptide is not associated with the kinase activity. The band was not detected in lane 2, because the amount of the ALK protein analysed was too small.
To demonstrate ALK kinase activity, we performed an in vitro immune complex kinase assay. COS cells transfected with the alk expression plasmid were lysed and the proteins in the lysates were immunoprecipitated with anti-ALK antibodies. The immunoprecipitates were subjected to in vitro kinase reaction and analysed by SDS-polyacrylamide gel electrophoresis (PAGE). As shown in Figure 3b , one major phosphorylated protein with a molecular mass of about 220 kDa was detected. This result suggested that the mouse alk gene product had autophosphorylation activity. In addition, three phosphoproteins (approximately 66, 52, and 46 kDa) were coimmunoprecipitated with ALK ( Figure 3b ). Previously, we showed that p80 npm-alk was associated with Shc through NPTY 567 in vivo (Fujimoto et al., 1996) . The deduced amino acid sequences of the mouse and human ALK proteins show that this motif is conserved (see Figure 2 ; NPTY 1516 in mouse and NPTY 1470 in human in the carboxyl-terminal region). Therefore, the three phosphoproteins detected by the in vitro immunecomplex kinase assay could be Shc proteins. Indeed the 66 kDa protein in the anti-ALK immunoprecipitates from the lysates were able to react with anti-Shc antibodies. The other two Shc proteins (52 and 46 kDa) were not clear because they overlapped with the immunoglobulin heavy chain of the immunoprecipitating antibodies in Western blotting. The ALK protein overexpressed in the transfected COS cells might be activated and autophosphorylated without ligand stimulation. Consistently, anti-phosphotyrosine antibody reacted with ALK as well as the 66, 52, and 46 kDa proteins (data not shown).
Expression of the alk mRNA
Northern hybridization analysis was performed using a 32 P-labeled 350 bp probe I DNA prepared from the insert of clone 1-4 ( Figure 1a ). As shown in Figure 4 , a 9 kb transcript was detected in samples from the neonatal (P1) brain. A lower but signi®cant level of expression was also seen in the brain of 4-week-old mice. Although human alk mRNAs were previously shown to be abundantly expressed in the testis and small intestine (Morris et al., 1994) , we could hardly detect the alk mRNA in these tissues. A very low level of alk mRNA expression in the testis and fetal liver was observed only with RT ± PCR (data not shown).
To further demonstrate brain speci®c expression of murine alk, we analysed RNAs from rat tissues by Northern hybridization. By using the full length mouse alk cDNA probe at a high stringency condition, we observed speci®c expression of alk mRNAs (9 kb and 7 kb) in the adult spinal cord and various parts of the brain (brain stem, brain cortex, hippocampus, and olfactory bulb) (data not shown). The alk mRNA was not detected in the kidney, lung, liver, stomach, small intestine, colon, spleen, breast and placenta tissues. In the rat fetal brain, the alk mRNA could be detected starting at E14 and reached the highest level at P1 (data not shown). These data suggest that ALK and its putative ligand may play important roles in the development and function of the central nervous system.
Developmentally regulated expression of the ALK protein
Expression of the mouse alk mRNA in the adult brain was weaker than in neonatal brain (Figure 4) , suggesting that ALK expression is developmentally regulated. To examine this possibility, the brain lysates prepared from mice of dierent postnatal ages were immunoblotted using the anti-ALK antibodies. The 220 kDa ALK protein was highly expressed on postnatal day 7, and its level declined thereafter. ALK expression reached its minimum level at around 3 weeks after birth, a level that was maintained until at least one year of age ( Figure 5 ). alk expression in the nervous system
In order to investigate further alk expression, we performed in situ hybridization studies with a 35 Slabeled or DIG-labeled alk anti-sense RNA probe to sections of embryonic day 15 and 19 (E15 and E19) mouse embryos ( Figure 6 ) or 1 week-old mice tissue sections (Figures 7 and 8) , respectively. In the embryos, alk transcripts were detected speci®cally in both the CNS and PNS, including the enteric nervous system (ENS). Strong signals were obvious in the CNS, brain, and spinal cord. In the brain, alk expression correlated with the cell density in the brain stem, mesencephalon, diencephalon, and telencephalon. In the spinal cord, alk was intensely expressed at the ventral region. A sagittal section of an E15 embryo ( Figure 6A ) exhibited alk transcripts in the Vth cranial (trigeminal) ganglion which includes three nervous branches, the ophthalmic, maxillary and mandibular nerves. The E15 section also revealed alk expression in the superior cervical ganglion (SCG) ( Figure 6B ). Sagittal sections of both E15 and E19 embryos showed strong alk expression in the myenteric plexus along the enteric axis of the gut ( Figure 6A and D) . In addition, alk transcripts were present in the dorsal root ganglia (DRG) ( Figure 6C ). These data clearly showed that alk was expressed not only in the CNS, but also in the major branches of the PNS. The sense probe showed no such distinct pattern.
Although alk transcripts were detected in the diverse cell types of the embryonic CNS, a sagittal and coronal sections of the 1 week-old mouse brain showed unique localization of alk transcripts, strong signals being observed in the olfactory bulb, thalamic nuclei, and mesencephalon (Figures 7 and 8) . The olfactory bulb, which receives primary aerents from olfactory epithelial neurons, is composed of a glomerular layer, an external plexiform layer, a mitral cell layer, an inner plexiform layer, and a granular cell layer. The DIGlabeled antisense cRNA probe speci®cally visualized a narrow band in the mitral cell layer (Figure 8) , and a few tufted neurons in the external plexiform layer ( Figures 8B and E) . As shown in Figures 7 and 8 , the most intense and localized alk expression was detected at several thalamic nuclei, such as the dorsal lateral thalamic nucleus, parafascicular nucleus, and zona incerta. Relatively higher levels of alk expression were found in the red nucleus and in the superior colliculus (perhaps super®cial gray layer and deep gray layer). Less intense signals were detected in the hypothalamic area, and weaker signals in the inferior colliculus. Other areas slightly positive for alk transcripts were the Figure 4 Expression of alk mRNA in mouse tissues. Aliquots (2.5 mg) of poly(A) + RNAs from the indicated tissues were subjected to Northern blot hybridization using alk cDNA as a probe (probe I in Figure 1 ). The same ®lter was hybridized with a 32 P-labeled b-actin probe. RNAs indicated as P1 were prepared from tissues of 1-day-old mice. The rest of RNAs were prepared from tissues of 4-week-old mice. The blots hybridized with the alk cDNA probe and b-actin probe were exposed to the X-ray ®lms for 5 days and 12 h, respectively. Sk muscle indicates skeletal muscle and Small int small intestine 
P1
1w 2w 3w 5w 7w adult Figure 5 Developmental expression of the ALK protein in mouse brain. Brain lysates were prepared from mice at indicated ages. Aliquots of proteins (25 mg) in each brain lysates were separated by 5% SDS ± PAGE and subjected to immunoblotting with anti-ALK. P1 indicates samples from 1-day-old mice, 1W-7W from 1 ± 7-week-old mice, and adult from about 1-year-old mice. An arrow indicates position of ALK. Molecular mass markers are indicated in kilodaltons on the left subiculum (perhaps pyramidal cell layer) and cerebral cortex. In addition, very weak signals could be detected in the cerebellum, Purkinje's cells, and Golgi cells, and no signal was evident in the hippocampus and dentate gyrus (data not shown).
Discussion
We have cloned murine and human cDNAs encoding the normal counterpart of the p80 npm-alk transforming protein. Nucleotide sequencing of both the murine and human cDNAs revealed that the alk proto-oncogene product ALK was a putative RPTK having a single kinase domain, a transmembrane sequence, and an extracellular domain. The murine and human ALKs showed 85% amino acid identity in the entire sequences and 98% identity in the kinase domains. This high homology convinced us that the cDNAs obtained from the two species, human and mouse, represented the same alk gene.
Computer-assisted analysis showed that both extracellular and kinase domains of the ALK protein are highly similar to the corresponding portions of LTK which is a member of the insulin receptor superfamily. It should be noted, however, that the extracellular domain of ALK (1033 amino acids) is much longer than that of LTK (421 amino acids in the isoform containing the longest extracellular sequence). The ltk gene was ®rst isolated in mice (Ben-Neriah and Bauskin, 1988) and independently identi®ed in humans (Maru et al., 1990) . The ltk gene produces multiple forms of protein products which dier from one another in their extracellular domains as a consequence of dierential splicing (Krolewski and Dalla-Favera, 1991; Snijders et al., 1993; Toyoshima et al., 1993) . In the case of ALK, detection of the two protein species, 220 and 140 kDa proteins shown in Figures 3a and 5 , may suggest the presence of ALK isoforms. In addition, we have detected two alk mRNA species by Northern hybridization analysis of rat RNAs. Others also showed multiple human alk transcripts (Morris et al., 1994) . The alk mRNA variants may encode the ALK proteins of dierent sizes, although we have no direct evidence for this. Fine characterization of the genomic structure of the alk locus might reveal the presence of dierentially spliced exons. Comparison of amino acid sequences between the ALK and LTK proteins revealed conservation of the cysteine-rich EGF-like motif and glycine-rich regions in their extracellular domains. Although the ligands of LTK and ALK have not been identi®ed yet, it is likely that the conserved structure is utilized for binding of their ligands; these kinases may share a common ligand. However, as noted above, the aminoterminal 596 amino acid sequence of ALK is missing in LTK. The extra amino acid sequence in ALK may play an important role in its interaction with its own ligand. No suggestion for the possible ligand is available because the sequence shows no homology with known proteins except that it has a motif`ACDFXXD-CAXGED' that is repeatedly present in the extracellular domain of the LDL receptor. The role of this motif is presently unknown.
Our Northern hybridization data show that expression of the alk mRNA is con®ned mostly to the brain and spinal cord, suggesting that ALK plays a role(s) in the CNS. That neonatal brain shows the highest expression of the alk mRNA suggests possible involvement of ALK in CNS development when axon sprouting and retraction is occurring. Since ALK expression is maintained, albeit at a lower level, in the adult brain, it may also play a role(s) in synapse formation and maintenance. In contrast to the con®ned expression of ALK to the nervous system, the ltk mRNA is expressed in hematopoietic and neuronal cells (Ben-Neriah and Bauskin, 1988; Maru et al., 1990; Bernards and de la Monte, 1990 ). In addition, whatever the functions of LTK and ALK might be, their patterns of expression in neuronal cells dier from each other. LTK expression is seen only in neurons of the adult forebrain but not in the neuronal cells of the embryo (Bernards and de la Monte, 1990) , whereas ALK is expressed in both embryo and adult neuronal cells. Therefore, these kinases are expected to play dierent roles, though some functions in the adult brain may overlap. A detailed comparative analysis of expression of LTK and ALK in the brain is needed.
The alk transcripts are clustered on distinct neuronal populations in the CNS, such as thalamic nuclei which serve as a relay station of nerve impulses. The alk expression is also obvious in the olfactory bulb, mitral cells, and tufted cells, which receive primary aerents from olfactory epithelial neurons. Various RPTKs including Trk family kinases are also expressed in the olfactory bulb. Future studies should clarify the role of each kinase in the primary olfactory system. The alk transcripts are also present in the red nucleus, superior colliculus, and hypothalamus. The red nucleus is the vital point of the rubrospinal tract regulating the contraction of¯exor muscle. The superior colliculus is the center of visual sensation and the hypothalamus is the center of the autonomous nervous system. These observations suggest that ALK plays some roles in the neuronal system in which inward Figure 7 In situ localization of alk RNA in the brain of 1-week-old mice. Sagittal (A and B) and coronal (C and D) sections of the brain were subjected to in situ hybridization with the alk cRNA probes labeled with digoxigenin. Hybridization was performed with antisense strand probe (A and C) and with sense strand probe (B and D). Cb: cerebellum, CC: cerebral cortex, DL: dorsal lateral thalamic nucleus, Ht: hypothalamus, OB: olfactory bulb, PF: parafascicular thalamic nucleus, Rn: red nucleus, SC: superior colliculus, ZI: zona incerta. Scale bars in panels A and C are 0.2 cm and 0.17 cm, respectively Figure 8 Higher magni®cation view of in situ localization of alk RNA. Hybridization signals in the regions of subiculum, thalamus, and midbrain, including superior colliculus (A), prosencephalon including olfactory bulb (B), cerebellum and midbrain (C), hypothalamus (D), olfactory bulb (E) and dorsal lateral thalamic nucleus (G) are shown. F and H are sections neighbouring to those in E and G, respectively and were stained with hematoxylin and eosin. dg: dentate gyrus, ep: external plexiform layer, gl: glomerular layer, gr: granular layer, mit: mitral cell layer. Scale bars in A ± D are 100 mm. Panels E and H are at 1006magni®cation impulses from peripheral body parts are regulated. As E15 and E19 mouse sections exhibit strong expression of the alk transcripts in the CNS, i.e. the brain and spinal cord, ALK may also play a role(s) in neuronal development. In addition, ALK appears to play important roles in the PNS, because the transcripts were detected in the cranial ganglia, dorsal root ganglia, SCG, and ENS. Thus, the ALK signaling pathway may contribute to organogenesis of the major branches of the PNS.
RPTK-mediated signaling can stimulate not only proliferation but also dierentiation of the cells. One of the best examples is that PC12 cells dierentiate when NGFR is stimulated, whereas the cells proliferate upon EGF stimulation. Because of the transforming activity of p80 npm-alk , its normal counterpart ALK was expected to play a role in cell growth regulation. However, it should be noted that some RPTKs are naturally important in specialized functions, such as cell-to-cell communication, rather than proliferation. Accumulating data suggest that their ectopic expressions induce malignant transformation. For example, the Trk family of protooncogene products play roles in the differentiated neuronal cells. Aberrant expression of Tpr-Trk fusion protein is responsible for induction of some thyroid carcinomas. Furthermore, although ErbB2 seems to be important in the CNS and neuromuscle junction, its elevated ectopic expression in epithelial cells can contribute to the development of adenocarcinomas. Here we show another example: ALK-mediated signaling appears to be involved in the specialized functions of neuronal cells rather than in the proliferation of nerve cells, and its ectopic expression in T-lymphocyte as a consequence of the 2;5 chromosomal translocation is responsible for the malignancy of ALCL.
Recently, the signaling pathway downstream of LTK has been characterized. In COS cells transiently expressing LTK, PLC-gl, PI3-K, GAP and Raf-1 bind to LTK (Kozutsumi et al., 1994) . Furthermore, the chimeric receptor composed of the extracellular domain of the EGF receptor and the cytoplasmic domain of LTK becomes autophosphorylated and associates with Shc in an EGF-dependent manner. In addition, Shc connects the cytoplasmic domain of LTK with the Grb2-SOS complex (Ueno et al., 1995) . These data suggest that LTK activates the Ras pathway in a ligand-dependent manner through Shc activation and, thereby, regulates cell growth (Ueno et al., 1995) . Both ALK and LTK have two NPXY motifs in common at the juxtamembrane region and carboxyl-terminal tail. In the cells transformed by p80 npm-alk , adaptor proteins Shc and IRS-1 were tyrosine-phosphorylated and bound to p80 npm-alk through the NPXY motifs (Fujimoto et al., 1996) . These data suggest that ALK can potentially phosphorylate the Shc and IRS1 to activate Ras. Therefore, the three phosphoproteins detected by the in vitro immune-complex kinase assay (Figure 3b ) are likely to be the Shc proteins. IRS1 may not be expressed in the CV-1 cells. Unexpectedly, Shc and IRS1 phosphorylation in p80 npm-alk transformed cells was not sucient for the induction of malignant transformation, suggesting that ALK utilizes these adaptor proteins for specialized functions rather than regulation of cell growth.
At present, we do not known anything about the ligand of ALK. It could be a soluble factor or a membrane-bound protein. Even the ALK receptor may act as a homophilic cell recognition molecule, allowing cell-to-cell interaction. Since the sequence of the extracellular domain of ALK carries no Ig domain or FnIII domain, it is dicult to predict the nature of the ligand. However, the presence of the EGF motif may suggest that the ALK receptor itself can act as a ligand, thereby allowing homophilic interaction, or at least could mediate cell-to-cell interaction. Recent studies on the Eph RPTK subfamily have shown that the ligand of Eph is membrane anchored and, therefore, the ligand-receptor interaction induces direct cell-to-cell contact. This and other data (Davis et al., 1994; Drescher et al., 1995; Cheng et al., 1995) implicate that Eph is important in axon projection in a ligand-dependent manner during synaptic organization of the nervous system. It is formally possible that ALK is involved in neuron-to-neuron or neuron-to-glial cell interaction. This together with the fact that ALK expression is high in the neonatal stages indicates that these interactions may be involved in the formation of the neuron network or in growth cone guidance.
Materials and methods
Screening of cDNA libraries
An oligo-(dT) primed cDNA library constructed from mRNAs of an adult mouse testis into the lZAPII vector (Stratagene, CA) was a gift from M. Ohsugi (University of Tokyo). Other two murine cDNA libraries were constructed in the lgt10 vector using mRNAs from mouse brains of postnatal day 1 and week 3 using random nucleotide primers. A human fetal brain cDNA library was purchased from Stratagene. Screening of the murine cDNA libraries was performed with standard protocols of plaque hybridization (Sambrook et al., 1989) using the 1.7 kb NcoI ± NsiI fragment of p80 alk cDNA (Fujimoto et al., 1996) and alk cDNA prepared in this study (see Figure 1) as probes. In brief, ®lters representing 2 ± 4610 6 phage plaques were hybridized with the probe at 428C in 20 mM Tris-HCl (pH 7.5), 50% formamide, 56SSC, 16Den-hardt's solution and 0.1% SDS. The ®nal wash of the ®lters was performed at 428C using 0.26SSC containing 0.1% SDS. Filters carrying human cDNA library were screened with a mouse full length cDNA probe at less stringent condition (66SSC, 50 mM sodium-phosphate (pH 6.8), 0.1% sodium-pyrophosphate, 26Denhardt's solution, 50 mg/ml salmon sperm DNA and 35% formamide for 14 h at 428C). The ®lters were washed at 608C in 0.56SSC, 0.2% SDS and 2 mM EDTA.
DNA sequencing and computer-assisted sequence analysis
The cDNA inserts were subcloned into the pBluescript II-SK(+) plasmid vector and sequenced by the dideoxy chain-termination method (Sanger et al., 1977) using commercial kits (BcaBEST sequencing kit, Takara, Japan and fmol cycle sequencing kit, Promega). Overlapping subclones were employed for sequencing the entire cDNA in both directions. The nucleotide sequence and the deduced amino acid sequence were subjected to homology search with GenBank and PIR databases using BLAST programs (Altschul et al., 1990) .
Northern blot analysis
Total RNAs were extracted from mouse tissues (postnatal week 4 and day 1) and were subjected to poly(A) + selection by using oligo(dT)-latex beads (oligotex-dT30, Japan Roche Inc.) employing the protocol recommended by the manufacturer. A sample of 2.5 mg poly(A) + RNA was electrophoresed on a 1% formaldehyde-agarose gel and transferred to nylon membrane ®lters (Hybond-N, Amersham). After u.v. irradiation for cross-linking the RNAs, the ®lters were prehybridized for overnight at 428C in 50% formamide, 56SSC, 56Denhardt's solution, 1% SDS, 100 mg/ml salmon sperm DNA. Hybridization was performed in the same solution with a 32 P-labeled probe for overnight at 428C. The probe used was a 350 bp DNA fragment of mouse alk cDNA that corresponds to nucleotides 3490 ± 3831 (probe I in Figure 1 ). After hybridization, the nylon membrane ®lters were washed with 0.26SSC, 0.1% SDS at 428C and exposed to Kodak X-OMAT ®lm at 7808C in the presence of intensifying screens.
Preparation of polyclonal antibodies against ALK
The GST-ALK plasmid was constructed by inserting the BstXI and BamHI fragment of the mouse alk cDNA (encoding a sequence from Leu-1384 to Gly-1503) into the pGEX-2T expression vector (Pharmacia-LKB). The GSTfusion protein was expressed in Escherichia coli DH5a after induction by isopropyl-b-D-thiogalactopyranoside (IPTG). The bacterial culture was centrifuged and the pellets were lysed by sonication in L buer (50 mM Tris-HCl, pH 7.5, 25% sucrose, 5 mM MgCl 2 , 0.5% Nonidet P-40). The GST fusion protein was puri®ed by glutathione-agarose (Sigma) as described (Smith and Johnson, 1988) . Rabbits were immunized with the puri®ed GST-ALK fusion protein (1 mg/rabbit) suspended in Freund's complete adjuvant, which was followed by boost injections with the protein (1 mg/rabbit/injection) in incomplete adjuvant at 14 day intervals. Anti-ALK antibodies were anity puri®ed from the antisera using the GST and GST-ALK proteins bound to NHS (N-hydroxysuccinimide)-activated anity columns (HiTrap, Pharmacia Biotech).
Transient expression of ALK and immunoblotting
Insert DNAs of clone 1-1, clone 3-2, and clone 3-3 were pieced together to obtain a cDNA encoding the entire open reading frame of alk. The cDNA fragment was inserted into an eukaryotic expression vector pME18S (Takeuchi et al. gift from K Maruyama, Tokyo Medical and Dental University). The resulting expression plasmid pME-alk was introduced into subcon¯uent COS cells (5610 6 cells/10 cm dish) by calcium phosphate-based method (Graham et al., 1973) . The cells were lysed after 48 h of transfection in TNE buer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40 and 2 mM EDTA) containing 1 mM sodium orthovanadate, 50 units/ml aprotinin, 0.45 mM phenylmethylsulfonyl¯uoride and 10 mM sodium¯uoride. Protein lysates were also prepared from brains that were surgically removed from mice of dierent postnatal ages by homogenization in the same buer. Insoluble materials were removed by centrifugation. After boiling the lysates in SDS sample buer for 5 min, proteins in the lysates were separated by 5% SDS ± PAGE and transferred onto polyvinylidene di¯uoride membrane ®lters (Trans-Blot, Bio-Rad) using semi-dry blotting apparatus at 2 mA/cm 2 for 2.5 h. The blotted ®lters were treated with 5% bovine serum albumin and then probed with 2 mg/ml of anti-ALK antibodies. To visualize the antibody-reacted proteins, ®lters were incubated with 1 : 3000 dilution of horseradish peroxidase-conjugated anti-rabbit IgG (Amersham) and treated with the chemical-luminescence (Renaissance, DuPont).
In vitro immune complex kinase assay
The cell lysates which were precleared with protein ASepharose 4B (Pharmacia Biotech) were incubated with anti-ALK antibodies for 2 h at 48C. The immune complexes were collected on protein A-Sepharose, washed extensively with TNE buer and then with kinase buer (20 mM HEPES pH 7.4, 10 mM MgCl 2 and 10 mM MnCl 2 ). The immunoprecipitates were incubated with [g-32 P]ATP (25 mCi; 3000 Ci/ mmol) for 30 min at 308C and then analysed on 7.5% SDS ± PAGE. The gels were ®xed, dried and autoradiographed.
In situ hybridization
In situ hybridization analysis of alk was performed using 10 mm-thick frozen sections of the brain from mice postnatal week 1 as described (Schaeren-Wiemers and Ger®n-Moser, 1993) with modi®cation. The alk cDNA fragment encompassing nucleotide positions 3490 to 5767 was subcloned into pBluescript II SK-(+). Digoxigeninlabeled sense and antisense cRNAs were generated by in vitro transcription using T3 or T7 polymerase. The cRNA probes were hydrolysed to reduce their sizes. Frozen sections were ®xed in phosphate buer (pH 7.4) containing 4% paraformaldehyde for 10 min and acetylated in 0.1 M triethanolamine and 0.25% acetic anhydride for 10 min. Prehybridization was performed in 50% formamide, 56SSC, 56Denhardt's solution, 250 mg/ml yeast tRNA, 500 mg/ml salmon sperm DNA at room temperature for 6 h. Hybridization was carried out overnight in the same buer containing 500 ng/ml of the cRNA probe at 658C. After hybridization, sections were washed in 26SSC at 728C for 30 min, treated with RNase A (20 mg/ml) at 378C for 30 min and washed again in 26SSC and in 0.16SSC at 728C for 90 min. The hybridization signals were visualized with alkaline phosphatase-conjugated antidigoxigenin antibodies.
For in situ hybridization against whole embryo, mouse embryos at E15 and E19 were perfused with 4% paraformaldehyde and then cryoprotected for about 14 h in 15% sucrose in PBS. The embryos were embedded in OCT (Tissue-Tek, Miles Inc.) and stored at 7808C until analysis. Saggital sections, 9 mm thick, were prehybridized for 2 h in 200 ml of 50% formamide, 0.3 M NaCl, 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 16Denhardt's solution, 10% dextran sulfate and 10 mM dithiothreitol at 428C. Antisense and sense RNA probes to mouse alk were transcribed using T7 RNA polymerase in the presence of [ 35 S]UTP from a PCRgenerated template containing the T7 promoter. The transcript corresponded to bases 821-1200 of the mouse alk cDNA. Probes were added to the prehybridization solution on each slide, followed by overnight incubation at 558C. The slides were washed twice in 26SSC, 10 mM b-mercaptoethanol, and 1 mM EDTA at room temperature and treated with RNase A (20 mg/ml) at room temperature for 45 min. The slides were then washed in the same buer at room temperature, followed by several changes of 0.16SSC, 10 mM b-mercaptoethanol, and 1 mM EDTA at 558C for 2 h. Finally, the slides were washed in 0.56SSC at room temperature and dehydrated. After drying, the slides were dipped at 428C in NTB2 nuclear emulsion (Kodak) and exposed for 2 ± 3 weeks. Slides were then counterstained with methyl green.
and Culture of Japan and Human Frontier Science Program grant. The GenBank accession numbers for alk sequences in this paper are D83002 (murine) and U66559 (human).
